Abstract Chemokine (C-C motif) ligand 24 (CCL24, eotaxin-2) is a CC chemokine that recruits and activates cells bearing the CC chemokine receptor 3, which play a major role in asthma. Previously, we observed a significant association between a single nucleotide polymorphism (SNP) in eotaxin-2 (CCL24+1272A fi G) and a lower risk of asthma. Consequently, this study has followed up on those genetic effects by evaluating the association between the SNP and plasma eotaxin-2 concentration in 172 asthmatics and 135 normal controls. Asthmatics had significantly higher plasma eotaxin-2 levels than did normal controls (P=0.02). The SNP (CCL24+1272A fi G) and two haplotypes (ht2 and ht6) were strongly associated with plasma eotaxin-2 levels in asthmatics (CCL24+1272A fi G: P=0.006, ht2: P=0.006, and ht6: P=0.002). The CCL24+ 1272A fi G allele and the ht2 and ht6 haplotypes showed a gene-dose effect on the plasma eotaxin-2 levels in asthmatics (P=0.005-0.032). In conclusion, the susceptibility of patients with asthma to high eotaxin-2 production may be due to genetic effects of the CCL24+1272A fi G polymorphism, ht2 and ht6 haplotypes.
Introduction
Eotaxins belong to the family of CC chemokines that coordinates the recruitment of inflammatory cells bearing chemokine (C-C motif) receptor 3 (CCR3) to sites of allergic inflammation (Rankin et al. 2000) . CCR3 is expressed on eosinophils, Th2 lymphocytes, basophils, and mast cells (Daugherty et al. 1996; Ponath et al. 1996a Ponath et al. , 1996b , which are key cells in the development of asthma. To date, three members of this family have been identified: eotaxin-1 [CC chemokine ligand (CCL) 11] (Kitaura M et al. 1996; GarciaZepeda et al. 1997) , eotaxin-2 (CCL24) (Nomiyama et al. 1998) , and eotaxin-3 (CCL26) (Guo et al. 1999) . Although there is low sequence homology between the eotaxins, all the eotaxins signal via the CCR3 (Ponath et al. 1996a (Ponath et al. , 1996b Forssmann et al. 1997; Patel et al. 1997; White et al. 1997; Kitaura et al. 1999) . Many human studies have examined the biological activity and clinical relevance of eotaxin-1 in asthma and airway eosinophilia (Lamkhioued et al. 1997; Mould et al. 1997; White et al. 1997) . Since the three eotaxins share the same CCR3 and have the potential to activate eosinophils in vitro (Ponath et al. 1996a (Ponath et al. , 1996b Patel et al. 1997; White et al. 1997 ), eotaxin-2 or eotaxin-3 may play important roles in the development of asthma and intermediate phenotypes, as does eotaxin-1. The protein and mRNA of eotaxin-2 increase in the airway of asthmatics (Ying et al. 1999; Rojas-Ramos et al. 2003) . Local eotaxin-2 promotes eosinophil accumulation into the airway, IL-13 production, and airway hyperreactivity in cooperation with IL-5 (Yang et al. 2003) and recruits newly produced and CD34 + eosinophils after allergen exposure in animal study (Radinger et al. 2004) . We previously identified 16 novel single nucleotide polymorphisms (SNPs) of the eotaxin-2 gene and demonstrated a significant association between one SNP in eotaxin-2 (CCL24+1272 A fi G G* allele) and a lower risk of asthma (Shin et al. 2003) . The known biological effects of eotaxin-2 (Ying et al. 1999; Rojas-Ramos et al. 2003; Yang et al. 2003; Radinger et al. 2004 ) and the protective effect of the CCL24+1272 A fi G G* allele (Shin et al. 2003) prompted us to compare the plasma eotaxin-2 levels in asthmatics and normal controls to validate functional evidence for the association between the genetic polymorphism of the eotaxin-2 gene and asthma. Here, we evaluated whether the plasma eotaxin-2 level is dependent on the polymorphism of the eotaxin-2 gene.
Materials and methods

Subjects
The study examined 135 normal healthy subjects and 172 asthmatics recruited from the Genome Research Center for Allergy and Respiratory Diseases of Soonchunhyang University Hospitals. The study was approved by the institutional review board of the hospital. All subjects were Korean. They were selected from patients who had not received steroid therapy and had not experienced an acute exacerbation within 6 weeks before the study and who experienced mild or intermittent-to-moderate persistent asthma based on their symptom severity and initial forced expiratory volume in 1 s (FEV1) (National Institutes of Health, 2002). All patients had clinical symptoms of asthma and a positive bronchodilator test (>15% increase of FEV1) and/or airway hyperreactivity (<10 mg/ml of methacholine) (American Thoracic Society, 1987) measured using Chai's method (Chai et al. 1975) . Normal subjects were recruited from the spouses of patients and the general population who gave negative answers to a screening questionnaire for respiratory symptoms (Ferris 1978) . They had no asthmatics as firstdegree relatives, FEV1 >75% of the predicted value, PC20 methacholine >10 mg/ml, and normal findings on a simple chest radiogram. CBC and differential count were done automatically using a Coulter counter. Total IgE was measured using the CAP system (Pharmacia Diagnostics, Sweden). Atopy was defined as the presence of an immediate skin reaction >3 mm in diameter to one or more of 24 common aeroallergens (Park et al. 1984 ).
Measurement of eotaxin-2 by ELISA Plasma eotaxin-2 was measured using a quantitative sandwich enzyme immunoassay kit (R&D, San Diego, CA, USA). The lower limit of detection for eotaxin-2 was 15.6 pg/ml. Values below this limit were assumed to be 15.6 pg/ml for the statistical analysis. The inter-and intra-assay coefficients of variance were below 10%.
Genotyping by single-base extension (SBE) and electrophoresis Primer extension reactions were performed with a SNaPshot ddNTP Primer Extension Kit (Applied Biosystems, Foster City, CA, USA), as described (Shin et al. 2003) . The DNA samples containing extension products and GeneScan 120-Liz-size standard solutions were added to Hi-Di formamide (Applied Biosystems). The mixture was incubated at 95°C for 5 min and then on ice for 5 min; following this, electrophoresis was performed using an ABI Prism 3100 Genetic Analyzer. The results were analyzed using the programs ABI Prism GeneScan and Genotyper (Applied Biosystems).
Statistics
The eotaxin-2 levels were log transformed to normalize their left-skewed distributions. Differences of clinical parameters between asthma and control groups were compared using Student's t test or v 2 test. Simple linear regression analysis was used to assess correlations between the parameters before multiple regression test for searching potential confounding factors. The v 2 test was used to compare the observed numbers of each genotype with those expected for a population in Hardy-Weinberg equilibrium. Haplotypes were inferred using the algorithm (Excoffier and Slatkin 1995) . Missing genotype data were omitted for exact haplotyping. A rare allele was coded as a dominant in a dominant model and a recessive in a recessive model. A haplotype was also coded in same manner. Odds ratio and 95% confidence intervals were calculated for each genotype and haplotype using logistic regression models. The multiple regression models for eotaxin-2 levels were adjusted for age. We did not perform hierarchical regression analyses because we considered the hypothesis that different polymorphisms existed in a same gene could be influenced by same factors. If some effect selection method was carried out, better fitting models could be taken, which had different covariants between each other in spite of existing in a same gene. Differences were considered significant when P < 0.05. These statistical analyses were performed with SAS (version 8.01, SAS institute, Cary, NC, USA).
Results
Clinical characteristics of the study subjects and correlation of plasma eotaxin-2 level with peripheral blood eosinophil count and total IgE
The clinical parameters of the study subjects are summarized in Table 1 . The levels of total IgE, positive rate of skin test, and blood eosinophil number were significantly higher in asthmatics than in normal controls (Table 1) . Plasma eotaxin-2 levels were also significantly higher in asthmatics than in normal controls (P=0.02). The log(plasma eotaxin-2 level) was analyzed with possible confounding factors using regression analysis. Age was related to the log (plasma eotaxin-2 level) (R 2 =0.0768, P=0.0002), but not to gender or status of atopy in the asthmatics ( Table 2) .
Association of SNPs and haplotypes of eotaxin-2 gene with the plasma eotaxin-2 level Of the 16 SNPs identified in our previous study (Shin et al. 2003) , five SNPs were selected for larger-scale genotyping based on linkage disequilibriums (LDs) among SNPs and frequencies. Four polymorphisms (+734G fi A, +824C fi A, +1102T fi G, and +1193 fi A) showing low frequencies (<0.10) were excluded for further analysis. In addition, SNPs showing high LD values (|D¢|%1 and d 2 %1) were also excluded for genotyping; +179C fi T (LD with +441C fi T), +275T fi C (with +304C fi A), +621G fi A and +1380G fi A (with +1265A fi G), and +1513G fi A fi G and +1919A fi C (with +1916A fi C). The original nomenclature of SNPs of eotaxin-2 was corrected as follows: CCL24+441 C fi T to CCL24+447 C fi T, CCL24+1265 A fi G to CCL24+1272 A fi G,, and CCL24+1916 A fi C to CCL24+1923 A fi C (Shin et al. 2003) . The distributions of all five SNPs were in Hardy-Weinberg equilibrium (HWE; P > 0.05). All single SNPs and the seven haplotypes were analyzed for associations with the log (plasma eotaxin-2 level) using multiple regression models in asthmatics and normal controls ( Table 3 ). The association analysis revealed that one (CCL24+1272 A fi G G* allele) of the five SNPs (P=0.006) and two (ht2 and ht6) of the seven haplotypes were strongly associated with plasma eotaxin-2 level in asthmatics (P=0.006 and 0.002, respectively). The CCL24+1272 A fi G allele polymorphism had the gene-dose effect on the plasma eotaxin-2 level in asthmatics. Asthmatics carrying the CCL24+1272 A fi G G* allele had higher eotaxin-2 levels than those having CCL24+1272 A fi G A* homozygote [log (plasma eotaxin-2)=2.36±0.03 versus 2.21±0.02, P=0.005]. The ht2 and ht6 haplotypes also showed the gene-dose effect on plasma eotaxin-2 levels in asthmatics. Asthmatics carrying the ht2 haplotype (GATAA) homozygote (ht2+/+) had the lowest eotaxin-2 level, and those carrying none of the ht2 haplotype (ht2À/À) had the highest level. Asthmatics having one of the ht2 haplotypes showed the intermediate level. There were significant differences between the three groups (P=0.006-0.026) ( Table 3 ). In contrast, asthmatics carrying the ht6 haplotype (GCTGA) homozygote (ht6+/+) had the highest eotaxin-2 level, and those carrying none of the ht6 haplotypes (ht6À/À) had the lowest level. Asthmatics having one of the ht6 haplotypes showed the intermediate level. There were significant differences between the three groups (P=0.002-0.032) (Table 3) . However, ht5 (GCCGA) having the same + 1272A fi G polymorphism was not associated with eotaxin-2 levels. These data indicate that the genedose effect of + 1272A fi G polymorphism and ht6 may be partially dependent. P values were corrected for multiple comparisons by using the Bonferroni method (Altman 1991) . When multiple comparisons were performed by multiplying by 5 for SNPs and by 7 for haplotypes, the P values remained significant (CCL24+1272A fi G: P=0.03, ht2: P=0.042, and ht6: P=0.014 in the codominant model). This gene-dose effect was also observed in the CCL24+1272A fi G G* allele and the ht2 haplotype of normal controls although statistical significance after Bonferroni adjustment was not observed in normal controls due to small sample size (Table 3) .
Discussion
Eotaxins are a family of CC chemokines that coordinate the recruitment of inflammatory cells bearing the CCR3 to sites of allergic inflammation (Rankin et al. 2000) . Among the SNPs and haplotypes for the three genes of this family, we previously found a significant association between one polymorphic allele of the eotaxin-2 gene (CCL24+1272 A fi G G* allele) and a lower risk of asthma (Shin et al. 2003) . Nevertheless, the association between the SNP of eotaxin-2 and asthma development needs confirmation with a functional analysis of the SNP. In this study, we demonstrated that plasma eotaxin-2 levels are significantly higher in asthmatics than in normal controls (Table 1) and are proportional to the number of CCL24+1272 A fi G G* alleles and the ht6 haplotype inversely to that of the ht2 haplotype in asthmatics (Table 3 ). This functional evidence of eotaxin-2 gene polymorphism is a novel finding to our knowledge. The polymorphic locus CCL24+1272 A fi G falls within an intron (Shin et al. 2003) . The functional consequences of intronic variation are unclear. Theoretically, mechanisms by which the polymorphism within intron could affect eotaxin-2 production include enhanced mutability due to altered DNA sequence context, increased cryptic splicing events, and altered transcript stability or tissue-specific expression (Lozano and Levine 1991; Matrick 1994) . However, the supporting experimental data for such mechanisms are lacking at present. Since the plasma eotaxin-2 level and peripheral blood eosinophil count may depend on the severity and acute Table 3 Regression analyses for age-adjusted log (plasma eotaxin-2) with five single nucleotide polymorphisms (SNPs) and three haplotypes in bronchial asthma (n= 172) and normal controls (n=135). Genotypic and haplotypic distributions, mean, and standard error (SE) of log (plasma eotaxin-2) are shown. Rare allele (or haplotype) is dominant and recessive in dominant and recessive models, respectively. BA bronchial asthma, NC normal control, C/C homozygotes for common allele, C/R heterozygote, R/R homozygote for rare allele, ht+ bearing of haplotype
Subject
Polymorphism n (mean ± SE) P value of alternative models* Codominant Dominant Recessive exacerbation of asthma or on steroid treatment, as with eotaxin-1 (Lampinen et al. 2004 ), we measured eotaxin-2 concentration in plasma from the selected patients with intermittent and mild-to-moderate asthma who had not received steroid therapy and had not experienced an acute exacerbation in the 6 weeks before the study. These selection criteria excluded a possible sampling bias of the study population due to asthma severity such as acute exacerbation and steroid treatment. Clinical relevance of eotaxin-1 has been revealed in asthma and airway eosinophilia (Lamkhioued et al. 1997; Mould et al. 1997; White et al.1997) . Although the protein and mRNA of eotaxin-2 increase in the airway of asthmatics (Ying et al. 1999; Rojas-Ramos et al. 2003) , the clinical relevance of eotaxin-2 and À3 are still lacking. In recruitment of eosinophils into the airways, several chemokines, such as RANTES, eotaxin-1, À2, À3, MCP-3, and M-4, attract the cells to the inflammatory site in the tissue (Lampinen et al. 2004 ). Like eotaxin-1 (Leckie et al. 2000; van Rensen et al. 2001) , local eotaxin-2 promotes eosinophil accumulation into the airway in cooperation with IL-5 (Yang et al. 2003) . In the present study, asthmatics with the rare allele (CCL24+1272 A fi G G*) have higher plasma eotaxin-2 levels than do those with the homozygote of wild allele (CCL24+1272 A> G A*). This suggests that plasma eotaxin-2 may have a protective effect on asthma development. Thus, how does the eotaxin-2 in plasma exert the protective effect? One possible explanation would be desensitization via CCR3 between eotaxin families. Eotaxin-2 in peripheral blood may desensitize circulating CCR3-bearing cells, which in turn become less susceptible to chemotactic signals of CC chemokines, such as eotaxin-1, in the airways. This desensitization has been well demonstrated in in vivo and in vitro studies. In IL-5 transgenic mice, systemic eotaxin-1 pretreatment significantly inhibited the recruitment of eosinophils to the lung by local eotaxin-2 treatment (Yang et al. 2003) . This data indicate that prior exposure of eosinophils to eotaxin-1 induces internalization of CCR3 (Zimmermann et al. 1999 ). This process occurs in the circulation when eosinophils are exposed to intravenous eotaxin-1, thus inhibiting the ability of eotaxin-2 to signal and recruit CCR3-bearing cells from the blood to the lung (Yang et al. 2003) . Such a complete cross-desensitization has been clearly demonstrated in vitro between eotaxin-2 and À1 (Forssmann et al. 1997) . The profiles of the in vitro protein production of eotaxin subfamily members clearly vary among the individual cell types and sites. Eotaxin-1 is mainly produced by epithelial and mesenchymal cells, including fibroblast and smooth muscle in the airway (Ying et al. 1999; Miyamasu et al. 2000; Moore et al. 2002) . However, a large amount of eotaxin-2 is produced by peripheral blood monocytes while eotaxin-1 is not detected in the supernatants of monocytes (Komiya et al. 2003) . The plasma level of eotaxin-2 (248.2 ± 16.2 pg/ml) is 10 times higher than that of eotaxin-1 (26.2 ± 1.1 pg/ ml) in asthmatics of our study (data not shown). Thus, in peripheral blood, eotaxin-2 may exert the biologic activity on CCR3-bearing cells more than does eotaxin-1.
In summary, we validate the association study of the CCL24+1272 A fi G allele polymorphism and the ht2 and ht6 haplotypes with asthma development by demonstrating that the plasma eotaxin-2 level appears to be gene-dose dependent on the effect of CCL24+1272 A fi GG* and ht2 and ht6 haplotypes. Our findings suggest that the susceptibility of patients with asthma to high eotaxin-2 production may be due to genetic effects of the CCL24+1272 A fi G polymorphism and ht2 and ht6 haplotypes.
